Altered secretion of insulin as well as glucagon has been implicated in the pathogenesis of Type 2 diabetes (T2D), but the mechanisms controlling glucagon secretion from α-cells largely remain unresolved. Therefore, we studied the regulation of glucagon secretion from αTC1-6 (αTC1 clone 6) cells and compared it with insulin release from INS-1 832/13 cells. We found that INS-1 832/13 and αTC1-6 cells respectively secreted insulin and glucagon concentration-dependently in response to glucose. In contrast, tight coupling of glycolytic and mitochondrial metabolism was observed only in INS-1 832/13 cells. Although glycolytic metabolism was similar in the two cell lines, TCA (tricarboxylic acid) cycle metabolism, respiration and ATP levels were less glucose-responsive in αTC1-6 cells. Inhibition of the malate-aspartate shuttle, using phenyl succinate (PhS), abolished glucose-provoked ATP production and hormone secretion from αTC1-6 but not INS-1 832/13 cells. Blocking the malate-aspartate shuttle increased levels of glycerol 3-phosphate only in INS-1 832/13 cells. Accordingly, relative expression of constituents in the glycerol phosphate shuttle compared with malate-aspartate shuttle was lower in αTC1-6 cells. Our data suggest that the glycerol phosphate shuttle augments the malate-aspartate shuttle in INS-1 832/13 but not αTC1-6 cells. These results were confirmed in mouse islets, where PhS abrogated secretion of glucagon but not insulin. Furthermore, expression of the rate-limiting enzyme of the glycerol phosphate shuttle was higher in sorted primary β-than in α-cells. Thus, suppressed glycerol phosphate shuttle activity in the α-cell may prevent a high rate of glycolysis and consequently glucagon secretion in response to glucose. Accordingly, pyruvate-and lactate-elicited glucagon secretion remains unaffected since their signalling is independent of mitochondrial shuttles.
INTRODUCTION
Type 2 diabetes (T2D) results when an increasing demand for insulin is not met, frequently due to insulin resistance in an obese and/or sedentary individual [1] . Two main hormones control blood glucose levels: insulin, secreted from the β-cell in response to hyperglycaemia, and glucagon, secreted from the α-cell in response to hypoglycaemia. Glucagon then acts mainly on the liver, whereas insulin also acts on peripheral target tissues to support anabolic and suppress catabolic metabolism [2, 3] . Insufficient secretion of insulin is known to be associated with T2D, whereas a pathogenic role for the islet hormone glucagon in T2D has long been debated [4] . It has been suggested that abnormal control of glucagon secretion may contribute to hyperglycaemia [5] , a hallmark of diabetes. Importantly, deficient glucagon secretion in long-standing diabetes impairs the counterregulatory response during hypoglycaemia [5, 6] , the complication of insulin therapy most feared by patients.
Glucose is known to promote secretion of insulin and suppress secretion of glucagon in vivo and from isolated islets in vitro. It has therefore been assumed that stimulus-secretion coupling differs between α-and β-cells. Studies on stimulus-secretion coupling in pancreatic β-cells have implicated two pathways in the control of hormone secretion: the ATP-sensitive K + (K ATP ) channeldependent triggering pathway and the K ATP channel-independent amplifying pathway [7] . The triggering pathway implies that increased glucose levels provoke augmented ATP-production, resulting in an increased ATP/ADP ratio and closure of K ATP channels [8] . This causes plasma membrane depolarization, opening of voltage-sensitive Ca 2 + channels and release of insulin [9] . The triggering pathway is complemented by an amplifying pathway that augments insulin secretion in the presence of elevated levels of intracellular Ca 2 + , critically depending on a rise in intra-mitochondrial Ca 2 + [10] . The amplifying pathway has been suggested to involve, e.g., NADPH [11, 12] and glutamate [13] [14] [15] generated from glucose metabolism. However, only ATP has received undisputed support as a coupling factor in glucosestimulated insulin secretion (GSIS) [16, 17] .
In contrast with the wealth of knowledge about stimulussecretion coupling in β-cells, the mechanism by which glucagon secretion is regulated is much less understood. A long-standing belief that α-cells sense glucose and regulate glucagon secretion in an inverse relationship has been challenged by the finding that isolated primary α-cells glucose-dependently increase secretion of glucagon [18] [19] [20] . This, in turn, suggests a paracrine regulation of glucagon secretion in vivo [18] [19] [20] . Although the exact mechanism underlying this regulation remains incompletely understood, GABA (γ -aminobutyric acid), Zn 2 + and insulin secreted from the pancreatic β-cells, as well as somatostatin secreted from pancreatic δ-cells, have been suggested to underlie the paracrine regulation of glucagon secretion [18] [19] [20] [21] [22] [23] . Although α-and β-cells express the same K ATP channels, the activity is lower in α-cells [24] . In β-cells, Ca 2 + currents dominate electrophysiological activity during exocytosis [25] . In α-cells, although Ca 2 + current is detectable, it only comprises 15 % of the magnitude of the Na + current [26, 27] . In primary cultures and islets, it has been shown that α-cell Ca 2 + currents decrease in response to glucose stimulation; however, the effects are minor [19, 21] . The effect also appears to depend on co-localization with other cells within an islet as in dispersed sorted α-cells the opposite was true [18] , blocking L-type Ca 2 + channels had little to no effect on glucagon secretion, whereas blocking P/Q-type Ca 2 + channels decreased glucagon secretion [28, 29] . In β-cells, by contrast, blocking L-type channels abolished insulin secretion, whereas blocking P/Q-type channels appeared less important [30] .
The relative hypersecretion of glucagon observed in diabetes [31] supports the notion that a deficient secretory response from the β-cell may result in supranormal secretion of glucagon. Hence, in the absence of insulin, anabolic processes will remain inactive [2] . In addition, due to the associated lack of inhibitory effects of β-cell secretory products, glucagon secretion will remain high and catabolic processes, such as hepatic glucose production, will remain active [3] . Overall, glucose consumption will be reduced and glucose production enhanced, resulting in increasing blood glucose levels. However, the significance of paracrine regulation of glucagon secretion has been challenged by the lack of correlation between somatostatin and insulin secretion with glucagon secretion [28, 32] . Instead, glucose has been suggested to inhibit glucagon secretion directly [33] , via modulation of K ATP channel activity [28] .
Clearly, if stimulus-secretion coupling in α-and β-cells is similar, the effect of potential drugs targeting insulin secretion via β-cell metabolism and other processes within its glucosesensing machinery are likely to also affect the secretion of the counteractive hormone glucagon. Hence, identification of unique modulators of β-and α-cell glucose-sensing and secretory machinery could allow independent manipulation of either insulin or glucagon secretion with a view to influence glucose handling in the diabetic state.
Clearly, stimulus-secretion coupling in the α-cell differs from that of the β-cell, but the nature of these differences is still unclear. In the present study, we focus on metabolic differences in the cell types, which are upstream of Ca 2 + regulation and exocytosis, to identify unique and shared functions in α-and β-cell stimulussecretion coupling. To this end, we found that glucose-stimulated glucagon secretion was highly dependent on a functional malateaspartate shuttle. Conversely, stimulus-secretion coupling in β-cells was less dependent on this shuttle, due to the compensatory action of the glycerol phosphate shuttle. These results therefore explain the ability of β-cells to maintain a high level of insulin secretion in the presence of a high glucose load. In contrast, α-cells are most active during catabolic states, such as muscle exercise and starvation [23] , when they can utilize lactate or pyruvate, the metabolism of which does not need metabolite shuttling into the mitochondrion.
EXPERIMENTAL
Cell culture αTC1 clone 6 (αTC1-6) cells (A.T.C.C.) were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) containing 16.7 mM glucose and supplemented with 10 % FBS, 100 units/ml penicillin, 100 μg/ml streptomycin, 15 mM HEPES, 0.1 mM non-essential amino acids (Invitrogen), 0.2 % BSA and 1.5 g/l sodium bicarbonate. INS-1 832/13 cells were grown in RPMI 1640 medium containing 11.1 mM glucose and supplemented with 10 % FBS, 10 mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate and 50 μM β-mercaptoethanol. Both cell lines were cultured at 37
• C in a humidified atmosphere containing 5 % CO 2 .
Islet isolation
Male CH3/He mice (used for functional studies) or transgenic mice expressing the fluorescent protein Venus under the control of the proglucagon promoter on a C57B6 background (used for isolation of primary cells) were used for islet isolation [34] . The pancreata were injected immediately following cervical dislocation with collagenase V (0.5 mg/ml) in Ca 2 + -and Mg 2 + -free HBSS (HEPES balanced salt solution). Pancreata were then dissected from the surrounding tissue and transported on ice. Following digestion at 37
• C, the pancreas was disrupted by vigorous shaking and the islets were hand-picked under a stereo microscope. Islets used for functional studies recovered overnight in RPMI 1640 medium containing 5.5 mM glucose supplemented with 10 % FBS, 100 units/ml penicillin and 100 μg/ml streptomycin at 37
• C in a humidified atmosphere containing 5 % CO 2 . Islets used for isolation of primary α-and β-cells were disrupted into single cells by trituration following 1 min incubation in Ca 2 + -free HBSS containing 0.1× trypsin-EDTA and 0.1 % FBS. Cells were immediately sorted by flow cytometry using a BD Influx cell sorter (BD Biosciences) equipped with a 488 nm laser for excitation of Venus. Venus-negative cells were further subdivided into a population that was large (according to side and forward scatter) and with high background autofluorescence at 530 and 580 nm. Cells were collected into RLT lysis buffer (Qiagen) and frozen on dry ice.
Hormone secretion
INS-1 832/13 and α-TC1-6 cells were seeded in 24-well tissue culture plates and cultured overnight. The following day, αTC1-6 cells were pre-incubated in HBSS (114 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.16 mM MgSO 4 , 20 mM HEPES, 2.5 mM CaCl 2 , 25.5 mM NaHCO 3 and 0.2 % BSA, pH 7.2) supplemented with 5.5 mM glucose for 2 h at 37
• C with 5 % CO 2 . INS-1 832/13 cells were pre-incubated for 2 h in HBSS supplemented with 2.8 mM glucose. Following the pre-incubation, αTC1-6 cells were incubated for 1 h in HBSS containing either 1 mM glucose or 16.7 mM glucose in the presence or absence of 10 mM phenyl succinate (PhS). INS-1 832/13 cells were incubated in HBSS containing either 2.8 mM glucose or 16.7 mM glucose, in the presence or absence of 10 mM PhS. Secreted glucagon and insulin were measured by a glucagon RIA (Millipore) or the Coat-a-Count insulin RIA (Siemens Medical Solutions Diagnostics), according to the manufacturer's instructions. Finally, cells were washed in PBS, lysed by addition of 50 μl of lysis buffer (50 mM Tris/HCl, 200 mM NaCl, 2 mM EDTA and 1 % Triton X-100, pH 7.4) and protein content was determined using the bicinchoninic acid protein assay (BCA Protein Assay kit, Thermo Fisher Scientific).
Mouse islets (n = 4) were pre-incubated in Krebs-Ringer bicarbonate buffer (KRB; 115 mM NaCl, 4.7 mM KCl, 2.6 mM CaCl 2 , 1.2 mM MgSO 4 , 20 mM NaHCO 3 and 16 mM HEPES) containing 0.2 % BSA and 2.8 mM glucose for 1 h, followed by exchange of buffer to KRB containing 2.8 mM glucose or 16.7 mM glucose with or without 10 mM PhS for 1 h. Secreted glucagon and insulin were assayed using the Glucagon and Insulin ELISA kits (Mercodia) respectively.
Metabolite profiling
Metabolite profiling was performed in αTC1-6 and INS-1 832/13 cells as previously described in detail [35, 36] . In brief, α-TC1-6 and INS-1 832/13 cells were seeded in 12-and 24-well plates respectively and treated as described for hormone secretion. After the final incubation, cells were swiftly washed with 1 ml of ice-cold PBS and metabolism was quenched by addition of 300 μl of methanol at − 80
• C. Cells were scraped off and metabolites were extracted using a one-phase liquid extraction protocol [35] . Metabolites were derivatized and analysed on a gas chromatograph (Agilent 6890N, Agilent Technologies) connected to a TOF mass spectrometer (Leco Pegasus III TOFMS, Leco Corp.). Data were acquired using Leco ChromaTof (Leco Corp.), exported as NetCDF files and processed using hierarchal multivariate curve resolution (HMCR) [37] in MATLAB 7.0 (Mathworks).
Plasma membrane potential and cytoplasmic free Ca 2 + Cells were seeded on to poly-D-lysine-coated eight-well chambered cover glasses (Lab-Tek) and cultured for 48 h prior to analysis. On the day of analysis, the cells were incubated in 400 μl of buffer P (135 mM NaCl, 3.6 mM KCl, 1.5 mM CaCl 2 , 0.5 mM MgSO 4 , 0.5 mM Na 2 HPO 4 , 10 mM HEPES and 5 mM NaHCO 3 , pH 7.4) containing 2.8 mM glucose for 90 min at which 0.2 μM Fluo-4 acetoxymethyl ester (Invitrogen, Life Technologies), 0.25 mM sulfinpyrazone (a multi-specific inhibitor of organic anion transporters) and BSA (0.1 %) were added and the incubation was continued for a further 30 min. A vial from a FLIPR ® membrane potential assay kit, explorer format component A, containing a proprietary plasma membrane potential ( ψ p ) indicator (PMPI; Molecular Devices) was reconstituted in 10 ml of water and the buffer P containing Fluo-4 was removed and replaced with 400 μl of fresh buffer P containing 4 μl of PMPI immediately prior to imaging as described previously [38, 39] . Excitation was performed at 488 nm (Fluo-4) and 514 nm (PMPI) and emission was recorded with a 530 nm long-pass filter [39] on a Zeiss LSM510 inverted confocal fluorescence microscope. Glucose was added to a final concentration of 2.8 mM and then 16.7 mM, followed by addition of oligomycin (final concentration 0.5 μg/ml) and finally KCl (final concentration 25 mM). Traces are displayed in arbitrary fluorescent units.
RNA isolation and quantitative real-time PCR
Total RNA was extracted from αTC1-6 and INS-1 832/13 cells using an RNeasy RNA purification kit (Qiagen).
RNA concentrations were determined using a NanoDrop Spectrophotometer (Thermo Scientific). Equal quantities of total RNA were reverse-transcribed using a RevertAid TM FirstStrand cDNA synthesis kit (Fermentas) or Superscript III (Life Technologies) in reactions containing 500 or 1000 ng of total RNA. Quantitative real-time PCR was performed with 7900 HT Fast Real-Time PCR system (Applied Biosystems). The PCR reaction mixture consisted of first-strand cDNA template, primer pairs (Supplementary Table S1 ), 6-carboxyfluorescein/quencher probes (Bioresearch Technologies and Applied Biosystems) and PCR Mastermix (Applied Biosystems) and was carried out as previously described [40] . Expression of selected targets was compared with that of hypoxanthine-guanine phosphoribosyltransferase (Hprt) measured on the same sample in parallel on the same plate, using the comparative C T (cycle threshold) method.
Glucose utilization
INS-1 832/13 and αTC1-6 cells were seeded in 24-well tissue culture plates and cultured overnight. Prior to assay, cells were washed in PBS and pre-incubated as described for hormone secretion. Then, the buffer was removed and 500 μl of HBSS containing D- [5- 3 H]glucose (specific activity 19.63 Ci/mmol; Perkin Elmer Life Science) and glucose was added to reach the same concentrations as were used for determination of hormone secretion. Subsequently, cells were incubated for 30 min at 37
• C, followed by addition of 100 μl of 10% trichloracetic acid to prevent further metabolism of D- [5- 3 H]glucose. The cells were harvested from the wells and 500 μl of lysate was transferred to 1.5-ml Eppendorf tubes. The tubes were placed inside sealed scintillation vials containing 500 μl of water and incubated at 56
• C overnight to permit 3 H 2 O formed by the cells to evaporate and equilibrate with water in the vials. The vials were cooled to room temperature and 3 H content in the water was measured by liquid scintillation spectrometry [41] . Glucose utilization was calculated as previously described in detail [42] .
Respiration
Cellular and mitochondrial oxygen-consumption rates (OCRs) were determined in αTC1-6 and INS-1 832/13 cells, using the Extracellular Flux Analyzer XF24 (Seahorse Bioscience) as previously described in detail [42] . Prior to assay, cells were incubated for 2 h at 37
• C in 750 μl of assay medium containing 1 mM glucose and 2.8 mM glucose for αTC1-6 and INS-1 832/13 cells respectively. OCR was then recorded in intact cells in the presence of 1 mM glucose (αTC1-6), 2.8 mM glucose (INS-1 832/13), 16.7 mM glucose or 10 mM pyruvate.
Lactate production
INS-1 832/13 and αTC1-6 cells were seeded in 24-well tissue culture plates and cultured and incubated as described for hormone secretion. Released lactate was determined in the supernatant by a colorimetric assay at 570 nm (Biovision). The rate of lactate release was determined from a standard curve calculated from freshly prepared lactate solutions.
ATP measurement
INS-1 832/13 and αTC1-6 cells were seeded in 24-well plates and cultured overnight. Then, αTC1-6 cells were pre-incubated in HBSS containing 5.5 mM glucose for 2 h, followed by 15 min of incubation in HBSS containing 1 or 16.7 mM glucose, in the presence or absence of 10 mM PhS. INS-1 832/13 cells were . Statistical significance was assessed using the paired Student's t test, *P < 0.05, **P < 0.01.
pre-incubated in HBSS containing 2.8 mM glucose and finally incubated in HBSS containing either 2.8 mM glucose or 16.7 mM glucose, in the presence or absence of 10 mM PhS. Subsequently, the incubation medium was removed, and cells were washed in PBS and lysed by addition of 100 μl of lysis buffer. Finally, cells were snap-frozen on dry-ice/ethanol and ATP was measured with a luciferase-based luminescence assay (BioThema) according to the manufacturer's instructions.
Statistical analysis
Statistical differences were assessed by the paired (within cell line) and unpaired (between cell lines) Student's t test or one-way ANOVA followed by the Newman-Keuls multiple correction method post-hoc when more than two groups were compared. Metabolite profiling data were analysed in Simca P + 12.0 (Umetrics) using orthogonal projections to latent structures discriminant analysis (OPLS-DA) [43] on mean-centred and unitvariance scaled data.
RESULTS

Glucose stimulates hormone secretion from αTC1-6 and INS-1 832/13 cells
First, we found that glucose concentration-dependently provoked secretion of glucagon ( Figure 1A ) and insulin ( Figure 1B ) from αTC1-6 and INS-1 832/13 cells respectively. Glucagon secretion was elevated 2-fold at 16.7 mM glucose (P < 0.05), compared with secretion at 1 mM glucose (P < 0.05). Insulin secretion was elevated 1.1-fold (P < 0.05) at 5.5 mM glucose and 3.8-fold (P < 0.01) at 16.7 mM glucose, compared with insulin secretion at 2.8 mM glucose.
Metabolite profiling of INS-1 832/13 and αTC1-6 cells reveal differences in the coupling of cytosolic and mitochondrial metabolism
Glucose metabolism plays a key role in β-cell stimulus-secretion coupling. To investigate whether this is also the case in α-cells, we investigated glucose-provoked alterations in glucose metabolism in αTC1-6 cells and compared it with that in INS-1 832/13 cells. Data generated from these two cell lines were normalized to baseline levels (1 mM glucose for αTC1-6 and 2.8 mM glucose for INS-1 832/13) and analysed by OPLS-DA, using cell type and glucose level as discriminating variables (two predictive and three orthogonal components, R To unravel the metabolic differences underlying the clustering observed in the score-scatter plot, the loading plot for the predictive components was examined ( Figure 2B ). This plot revealed that glucose provoked elevated levels of glycolyticand tricarboxylic acid (TCA)-cycle intermediates in both cell lines. However, glucose-provoked elevation of TCA-cycle intermediates was much more pronounced in the INS-1 832/13 cells; alterations in glycolytic intermediates were more similar. Levels of glycerol 3-phosphate and glutamate increased whereas levels of aspartate decreased.
Next, the glucose-provoked fold-change in levels of glycolytic and TCA-cycle intermediates and metabolites involved in mitochondrial shuttling were examined ( Figure 2C) . Stimulation of cells with 16.7 mM glucose provoked a 3.7-fold (P < 0.05) and 8.6-fold (P < 0.01) increase in glucose 6-phosphate, a 1.9-fold (P < 0.05) and 7.4-fold (P < 0.01) increase in fructose 6-phosphate, a 1.6-fold (P < 0.01) and 3.4-fold (P < 0.01) increase in 3-phosphoglycerate and a 1.1-fold (P < 0.05) and 1.8-fold (P < 0.001) increase in alanine, in αTC1-6 and INS-1 832/13 cells respectively. Hence, glucose elicited a significantly larger response in levels of fructose 6-phosphate (4-fold, P < 0.01), 3-phosphoglycerate (2.1-fold, P < 0.001) and alanine (1.6-fold, P < 0.001), in the INS-1 832/13 cells compared with the αTC1-6 cells. Dihydroxyacetone phosphate levels increased 2.5-fold (P < 0.01) in the α-TC1-6 cells, whereas they trended towards a glucose-stimulated elevation in INS-1 832/13 cells (3.3-fold, P = 0.078). Among the TCA-cycle intermediates, levels of citrate The loading-scatter plot corresponding to the score-scatter plot shown in (A) reveals which changes in metabolite levels underlie the clustering of samples observed in (A). (C) Fold-changes in metabolite levels after stimulation of αTC1-6 and INS-1 832/13 cells with 16.7 mM glucose. Data are shown for αTC1-6 (n = 12) and INS-1 832/13 (n = 11) cells in (A-C), expressed as the average fold-change from basal glucose levels + − S.E.M. in (C). Statistical significance was assessed using ANOVA and the paired (within cell type) and unpaired (between cell types) Student's t test. For 2.8 compared with 16.7 mM glucose for INS-1 832/13 cells, *P < 0.05, **P < 0.01, ***P < 0.001. For 1 compared with 16.7 mM glucose for αTC1-6 cells, #P < 0.05, ##P < 0.01, ###P < 0.001. Fold-change for αTC1-6 cells compared with INS-1 832/13 cells, $$P < 0.01, $$$P < 0.001. First (t [1] ) and second (t [2] ) predictive component; first (p [1] ) and second (p [2] ) predictive loadings scaled as correlations. Glycolytic and TCA-cycle intermediates are indicated by ellipses. Metabolites discussed in the text are shown in black, additional metabolites are shown in grey. Abbreviations: AdipA, adipate; AKGA, α-ketoglutarate; Amal, aminomalonate; Bala, β-alanine; BenzA, benzoate; C10:0, caproate; C12:0, laurate; C14:0, myristate; C16:0, palmitate; C17:0, heptadecanoate; C18:0, stearate; C18:1, oleate; C20:0, arachidate; C20:4, arachidonate; Chol, cholesterol; Cit, citrate; Creat, creatinine; Fruct, fructose; Fruct6P, fructose 6-phosphate; Fum, fumarate; Gluc6P, glucose 6-phosphate; Gly, glycine; Gly2P, glycerol 2-phosphate; Gly3P, glycerol 3-phosphate; GlyA3P, 3-phosphoglycerate; GlycolA, glycolate; InosP, inositol phosphate; IsoCit, isocitrate; Lac, lactate; Mal, malate; Mino, myo-inositol; OctOl, octadecanol; OxalA, oxalate; Pglu, pyruglutamate; Pyr, pyruvate; Rib5P, ribose 5-phosphate; SPAll, all detected hexose phosphates; Succ, succinate; Tau, taurine; Ura, uracil. increased 1.8-fold (P < 0.001) and 6.1-fold (P < 0.01), levels of fumarate increased 1.3-fold (P < 0.05) and 3.0-fold (P < 0.05) and levels of malate increased 1.7-fold (P < 0.01) and 17-fold (P < 0.001) in αTC1-6 and INS-1 832/13 cells respectively. The glucose-elicited elevation of levels of citrate was 3.5-fold (P < 0.001), of fumarate was 2.3-fold (P < 0.01) and of malate was 10.1-fold (P < 0.001) higher in INS-1 832/13 cells compared with αTC1-6 cells. Levels of isocitrate (6.2-fold, P < 0.01), α-ketoglutarate (8.7-fold, P < 0.001) and succinate (1.7-fold, P < 0.001), increased only in INS-1 832/13 cells. Hence, the , n = 8 (baseline INS-1 832/13) and n = 6 (baseline αTC1-6). Statistical significance was assessed by the Student's t test (A) and ANOVA followed by the Newman-Keuls multiple correction method post-hoc (B); *P < 0.05, **P < 0.01, ***P < 0.001.
response in levels of all detected TCA-cycle intermediates to glucose stimulation was higher in INS-1 832/13 cells compared with αTC1-6 cells. Levels of aspartate decreased 1.3-fold (P < 0.01) and 3.5-fold (P < 0.001), whereas levels of glutamate increased 1.5-fold (P < 0.001) and 1.8-fold (P < 0.001) in αTC1-6 and INS-1 832/13 cells respectively. Levels of glycerol 3-phosphate increased 1.2-fold (P < 0.01) in αTC1-6 cells and 1.3-fold (P < 0.01) in INS-1 832/13 cells. Glucose-provoked elevation of glutamate and glycerol 3-phosphate levels did not differ between cell lines, although glucose-evoked reduction in aspartate levels was 2.7-fold (P < 0.001) more efficient in the INS-1 832/13 cells than in the αTC1-6 cells.
Glycolytic rate is similar in αTC1-6 and INS-1 832/13 cells whereas mitochondrial metabolism is much less active in αTC1-6 cells Thus, metabolite profiling revealed that the TCA cycle was less glucose-responsive in the αTC1-6 cell line compared with the INS-1 832/13 cell line. However, metabolite profiling, in this way, assesses accumulative levels of metabolites and does not allow firm conclusions regarding the underlying flux changes in the pathways the metabolites participate in. Although a difference is observed, we do not know whether this is due to altered flux or accumulation of Figure 3A ) increase in glucose utilization respectively. Neither basal, glucosestimulated nor the fold-change in glucose utilization differed between αTC1-6 and INS-1 832/13 cells.
Next, we investigated mitochondrial metabolism, which plays a pivotal role in β-cell stimulus-secretion coupling. To this end, we could show that oxygen consumption, a measure of mitochondrial metabolism reflecting respiratory chain activity, was highly glucose-and pyruvate-responsive in the INS-1 832/13 cells. Respiration in the presence of 16.7 mM glucose or 10 mM pyruvate was 1.3-fold (P < 0.001) and 1.25-fold (P < 0.001) greater respectively, compared with respiration at 2.8 mM glucose ( Figure 3B ). The rate of respiration in presence of these nutrients was much less pronounced in the αTC1-6 cells; glucose was ineffective in increasing respiration whereas pyruvate provoked a 1.1-fold (P < 0.05) increase in respiration ( Figure 3B ). Hence, results from measurement of glucose-and pyruvate-stimulated oxygen consumption supports the idea that αTC1-6, B) , n = 4 (INS-1 832/13, B), n = 6 (10 mM pyruvate, INS-1 832/13, C), n = 3 (16.7 mM glucose, INS-1 832/13, C) and n = 4 (αTC1-6, C). Statistical significance was assessed using the paired Student's t test, *P < 0.05. ND, below detection limit.
the greater accumulation of citric acid cycle intermediates reflects greater TCA-cycle activity in INS-1 832/13 cells.
The relative contribution of aerobic and anaerobic metabolism differs between INS-1 832/13 and αTC1-6 cells
The ultimate product of aerobic metabolism, reflected by the OCR, is the triggering signal of GSIS, i.e. ATP. Hence, we assessed levels of ATP after stimulation of INS-1 832/13 and αTC1-6 cells with glucose. Levels of ATP increased 1.5-fold (P < 0.01) in INS-1 832/13 cells stimulated with 16.7 mM glucose, compared with 2.8 mM glucose ( Figure 4A ). Changes in ATP-levels in αTC1-6 cells stimulated with 16.7 mM glucose were much less pronounced; levels of ATP trended to an increase (1.1-fold, P = 0.11) in αTC1-6 cells stimulated with 16.7 mM glucose, compared with cells stimulated with 1 mM glucose ( Figure 4A ). Whereas marked differences in mitochondrial metabolism were observed between INS-1 832/13 cells and αTC1-6 cells, differences in glycolytic metabolism were much less pronounced.
Regeneration of cytosolic NAD
+ is critical to maintain a high glycolytic rate. In situations where mitochondrial respiration is low, this may be conferred by lactate dehydrogenase (LDH), reducing pyruvate to lactate. At basal glucose levels, significant amounts of lactate were released from the αTC1-6 cells, whereas lactate release was not detected from INS-1 832/13 cells ( Figure 4B ). Stimulation of cells with 16.7 mM glucose did not affect lactate release from the αTC1-6 cells, whereas marked release of lactate was detected from the INS-1 832/13 cells ( Figure 4B ). The mitochondrial fuel pyruvate increased the OCR, whereas glucose was largely inefficient in doing so in the αTC1-6 cells. Hence, if metabolism controls glucagon secretion, then pyruvate may be more efficient in stimulating glucagon secretion. Stimulation of cells with 10 mM pyruvate provoked a 14 % (P < 0.05) greater increase in glucagon secretion from αTC1-6 cells, compared with 16.7 mM glucose ( Figure 4C ). In the INS-1 832/13 cells, on the other hand, insulin secretion evoked by 10 mM pyruvate was similar to insulin secretion evoked by 16.7 mM glucose ( Figure 4C ).
Plasma membrane potential and cytoplasmic free Ca 2 +
Synchronized oscillations in Ca 2 + and plasma membrane potential are hallmarks of β-cell hormone exocytosis. We found a 3.6-fold (P < 0.05) increase in the magnitude of oscillations in the cytoplasmic free Ca 2 + and a 5.6-fold (P < 0.05) increase in the amplitude of the plasma membrane potential oscillations in the INS-1 832/13 cells (Figures 5A and 5B) . Glucose evoked neither a change in Fluo-4 nor a change in PMPI fluorescence, suggesting that glucose does not affect plasma membrane potential or cytosolic Ca 2 + (Figures 5A and 5B) .
Inhibition of the 2-oxoglutarate carrier reduces insulin secretion from INS-1 832/13 cells and abolishes glucose-stimulated glucagon secretion from αTC1-6 cells
So far, we have found that the glycolytic rate was similar in INS-1 832/13 and αTC1-6 cells, whereas pronounced differences were observed in mitochondrial metabolism. No difference was observed in lactate secretion, whereas metabolite profiling data revealed similar responses in levels of intermediates involved in mitochondrial shuttles in both cell lines. Hormone secretion from the αTC1-6 cells was more potently increased in response to the mitochondrial fuel pyruvate, whereas insulin secretion in the presence of 16.7 mM glucose or 10 mM pyruvate did not differ. These data suggest that mitochondrial shuttling may be limiting secretion of glucagon in response to glucose. Therefore, we further investigated the impact of mitochondrial shuttles on hormone secretion by inhibiting the mitochondrial 2-oxoglutarate carrier, an integral part of the malate-aspartate shuttle, with 10 mM PhS. Glucagon secretion from the αTC1-6 cells was reduced by 35 % (P < 0.05; Figure 6A ) in the presence of 10 mM PhS. As a result, glucose-provoked glucagon secretion was completely abolished. Insulin secretion from INS-1 832/13 Data are expressed as means normalized to levels at 1 mM glucose (αTC1-6) and 2.8 mM glucose (INS-1 832/13) + − S.E.M. for n = 12 (1 mM and 16.7 mM glucose, αTC1-6), n = 4 (16.7 mM glucose + 10 mM PhS, αTC1-6) and n = 8 (INS-1 832/13). Statistical significance was assessed using ANOVA followed by Newman-Keuls multiple comparison test post-hoc, baseline compared with 16.7 mM glucose *P < 0.05, ***P < 0.001, 16.7 mM glucose compared with 16.7 mM glucose + PhS, #P < 0.05, ##P < 0.01. cells was reduced by 30 % (P < 0.05; Figure 6A ). Hence, in the presence of 10 mM PhS, 16.7 mM glucose still provoked a 4.2-fold (P < 0.001) increase in insulin secretion, compared with 2.8 mM glucose.
Metabolite profiling after addition of PhS revealed a concurrent reduction in levels of glutamate. Glucose-provoked glutamate production was almost completely abolished ( − 29 %, P < 0.001) in the αTC1-6 cells and largely reduced ( − 23 %, P < 0.05) in the INS-1 832/13 cells ( Figure 6B ). Glucose-provoked suppression of aspartate levels was unaffected by PhS in both cell lines. Glucoseelicited production of glycerol 3-phosphate, an intermediate of the glycerol phosphate shuttle, was abolished in the αTC1-6 cells ( − 33 %, P < 0.01) and potentiated in the INS-1 832/13 cells (1.9-fold, P < 0.01). Reduction of pyruvate to lactate by LDH could potentially compensate for the loss of malate-aspartate shuttle activity. However, lactate release from both αTC1-6 and INS-1 832/13 cells was reduced by 35 % (P < 0.05) and 79 % (P < 0.001) respectively, in the presence of 10 mM PhS ( Figure 7A) . Thus, our data show that the impact of PhS on hormone secretion and shuttle activity differed between the αTC1-6 and INS-1 832/13 cell lines. Clearly, this implies that mitochondrial metabolism also will be affected. To investigate this, we monitored the effect of PhS on cellular levels of ATP. At 16.7 mM glucose in the presence of 10 mM PhS, ATP levels were reduced by 10 % (P < 0.05; Figure 7B ) in αTC1-6 cells, thereby completely abolishing glucose-provoked ATP production. Conversely, levels of ATP in INS-1 832/13 cells were unaltered by PhS ( Figure 7B ).
Inhibition of the 2-oxoglutarate carrier abolishes glucagon secretion but has no effect on insulin secretion from isolated mouse islets To verify our results from studies in clonal cell lines, we measured secretion of insulin and glucagon after stimulation of mouse islets with 16.7 mM glucose in the presence or absence of 10 mM PhS /13, B) . Statistical significance was assessed by the paired Student's t test, *P < 0.05, ***P < 0.001. (Figure 8 ). Glucose was found to provoke a 4.4-fold (P < 0.001) increase in insulin secretion and a 54 % (P < 0.05) reduction in glucagon secretion. In contrast, PhS did not affect GSIS, whereas secretion of glucagon was abolished ( − 94 %, P < 0.05) in the presence of this inhibitor of the mitochondrial 2-oxoglutarate carrier.
Expression of components of the glycerol phosphate and malate-aspartate shuttles in αTC1-6 cells, INS-1 832/13 cells and sorted primary α-and β-cells Taken together, our results suggest an essential role of the malateaspartate shuttle in glucose-stimulated glucagon secretion from αTC1-6 cells. A loss of malate-aspartate shuttle activity in the INS-1 832/13 cells may be compensated for by an increased activity in the glycerol phosphate. We therefore examined gene expression of key enzymes of the malate-aspartate and glycerol phosphate shuttles (Figure 9) . Expression of the mitochondrial aspartate/glutamate carrier {Agc1, Aralar1, Slc25a12 [solute carrier family 25 (aspartate/glutamate carrier), member 12]} was 12.5-fold (P < 0.01) higher in αTC1-6 cells than in INS-1 832/13 cells. The cytosolic glycerol-3-phosphate dehydrogenase (Gpd1) was expressed markedly higher in INS-1 832/13 cells than in αTC1-6 cells (7800-fold, P < 0.001). The ratio of expression of mitochondrial glycerol-3-phosphate dehydrogenase (Gpd2) to Agc1 and the cytosolic aspartate aminotransferase (Got1) was 40-fold (P < 0.001) and 5.2-fold (P < 0.01) higher in INS-1 832/13 cells than in αTC1-6 cells. Expression of Got1 (1.7-fold, P < 0.05) and Gpd2 (2.1-fold, P < 0.05) was higher in primary β-cells than in α-cells. Hexokinase 2 (Hk2) expression was detected only in αTC1-6 cells. mRNA for the liver isoform of pyruvate kinase (Pklr) was only detected in primary cells, whereas the muscle isoform of pyruvate kinase (Pkm2) was expressed at much higher levels in INS-1 832/13 (70-400-fold, P < 0.001) than in αTC1-6 cells and primary α-and β-cells.
DISCUSSION
Despite the inappropriate and potentially harmful hypersecretion of glucagon observed in T2D [31] , few studies have investigated stimulus-secretion coupling in the α-cell [23] . To some extent this may be explained by the low fraction of α-cells in the
Figure 8 GSIS from mouse islets is unaffected by PhS, whereas glucagon secretion is abolished
Insulin and glucagon secretion from mouse islets after stimulation with 2.8 or 16.7 mM glucose in the presence or absence of PhS. Data are expressed as means + − S.E.M. for n = 4. Statistical significance was assessed by ANOVA followed by Newman-Keuls multiple comparison test post-hoc. *P < 0.05, **P < 0.01, ***P < 0.001 compared with 2.8 mM glucose. #P < 0.05 compared with the indicated condition. Expression levels of genes in the malate-aspartate and glycerol phosphate shuttles in αTC1-6, INS-1 832/13 and primary α-and β-cells. Data are expressed as means normalized to Hprt1 + − S.E.M. for n = 3. Statistical significance was assessed by the Student's t test, *P < 0.05, **P < 0.01, ***P < 0.001.
islet. The islet contains 20-40 % α-cells, whereas it contains as much as 60-80 % β-cells [44] . Consequently, the islet has long since been used as a model for the β-cell. Knowledge on stimulus-secretion coupling in α-cells was until recently obscured by the in vivo observations of decreased glucagon secretion with increasing blood glucose levels. Clearly, previous studies showing that in vitro purified α-cells increase secretion of glucagon with increasing glucose concentrations have challenged the established paradigm of α-cell stimulus-secretion coupling [18] [19] [20] . Thus, α-cells isolated from their natural environment respond to glucose in a manner qualitatively similar to that of the β-cell. Hence, factors secreted from neighbouring endocrine cells in vivo, such as insulin, zinc and GABA, have been suggested to suppress glucagon secretion in vivo [18] [19] [20] [21] [22] [23] . Importantly, glucagon secretion from dispersed islet cells was suppressed by glucose, whereas the opposite occurred when non-α-cells were removed [20] .
Due to the difficulties in isolating sufficient amounts of primary α-cells for multiple experiments, including metabolite profiling, we investigated the clonal glucagon-secreting cell line αTC1-6 as an α-cell model. Of the glucagon-producing cell lines, the αTC1-6 cell line exhibits the most differentiated α-cell phenotype; it does not produce insulin, somatostatin or pancreatic polypeptide and expresses higher levels of glucagon than αTC1 and αTC1-9 cells [45] . We therefore compared results from this cell line with results derived from a well-characterized rat β-cell line (INS-1 832/13) [46] . Indeed, we verified that the clonal αTC1-6 cell line responds similarly to glucose stimulation as does primary sorted α-cells, i.e. with increased glucagon secretion [18] [19] [20] . Hence, the αTC1-6 and INS-1 832/13 cell lines both responded with increased hormone secretion to elevated glucose levels. Although the qualitative responses in levels of metabolites in central glucose metabolism to glucose stimulation were largely similar between these cell lines, several noteworthy quantitative differences were found. Thus, glycolytic metabolism responded similarly to glucose stimulation in the two cell lines, but glucose-provoked alterations in the TCA cycle were much less pronounced in the αTC1-6 cell line. This was associated with similar glucose utilization in both cell lines. However, whereas mitochondrial metabolism and ATP production were highly glucose-responsive in the INS-1 832/13 cells, these responses were largely glucoseunresponsive in the αTC1-6 cell line. Notably, the mitochondrial substrate pyruvate was more efficient than glucose in provoking glucagon secretion from the αTC1-6 cells; this coincided with a minor, albeit significant, increase in the OCR also observed in the αTC1-6 cells. These results confirm findings from primary islet cells in which glucose-provoked ATP [22, 47] and FADH 2 production [48] have been shown to be lower in the α-cell than in the β-cell. Overall, our findings of less efficient coupling of glycolysis and TCA-cycle metabolism in the αTC1-6 cell line support other studies in which mitochondrial metabolism has been shown to be significantly more glucose-responsive in the β-cell [22, 23, 49] . In fact, we have previously demonstrated that a tight coupling of glycolytic to mitochondrial metabolism is hallmark of robust insulin secretion in clonal β-cells [42] . In line with this, the inefficient coupling of glycolytic and mitochondrial metabolism observed in the αTC1-6 cells paralleled the low fold-change in glucose-stimulated glucagon secretion, as opposed to the more efficient coupling and more robust response in insulin secretion observed in the INS-1 832/13 cells.
Notably, we found that stimulation of αTC1-6 and INS-1 832/13 cells with glucose provoked increased levels of glutamate and glycerol 3-phosphate and decreased levels of aspartate, confirming previous findings in the INS-1 832/13 cell line [36] . These intermediates are all part of the mitochondrial shuttles. This, together with a similar release of lactate, indicates that mitochondrial shuttling, which has been shown to be of paramount importance in β-cell stimulus-secretion coupling [50, 51] , maintained a high glycolytic rate also in the αTC1-6 cell line.
To investigate the importance of mitochondrial shuttling in stimulus-secretion coupling in the αTC1-6 and the INS-1 832/13 cell lines, we inhibited the 2-oxoglutarate transporter using PhS [52] . Interestingly, whereas this inhibitor only attenuated GSIS from the INS-1 832/13 cell line, it completely abolished glucosestimulated glucagon secretion from the αTC1-6 cell line. Hence, our data confirm previous findings of reduced insulin secretion with the pharmacological inhibitor in purified rat β-cells [14] as well as with results from INS-1 832/13 cells and rat islets in which the 2-oxoglutarate transporter has been silenced [53] . Glucose-provoked glutamate production, respiration and ATP production were concurrently abolished in the αTC1-6 cells, whereas only a slight decrease in glutamate levels was observed in the INS-1 832/13 cells. The reduction in levels of glutamate was paralleled by increased levels of glycerol 3-phosphate only in the INS-1 832/13 cells. Hence, these data suggest that the glycerol phosphate shuttle compensated for the loss of malate-aspartate shuttle activity only in the INS-1 832/13 cell. Notably, cellular release of lactate, reflecting anaerobic replenishment of cytosolic NAD + , did not compensate for the loss of malate-aspartate shuttle activity in either the αTC1-6 or the INS-1 832/13 cell line. Although expression of both LDH and MCT1 (monocarboxylate transporter 1) is low in primary β-cells [54, 55] , sorted primary β-cells have been shown to release lactate when stimulated with glucose [54] . Importantly, we also showed that PhS was without effect on insulin secretion from isolated mouse islets, whereas glucagon secretion was completely abolished.
Mitochondrial metabolism in the β-cell has been suggested to be supply-rather than demand-driven, implicating a complete oxidation of glucose in glycolysis and the TCA cycle [56] . To maintain a high glycolytic flux, efficient shuttling of NADH from the cytosol to the mitochondria is required. Our results support previous findings implicating mitochondrial shuttles in GSIS [50, 51, 57] . Furthermore, it has also been shown that the glycerol phosphate shuttle and the malate-aspartate shuttle compensate for each other and that both shuttles need to be inhibited to impair glucose oxidation and insulin secretion from pancreatic islets [51] . A lower expression of Gpd2 in the α-cell agrees with our findings of a compensatory activity of the glycerol phosphate shuttle only in the β-cell. Our results therefore confirm previous studies in which protein expression and activity of GPD2 have been shown to be similar in primary sorted β-cells and the INS-1 cell line, being about 10-fold higher in these cells compared with islet non-β-cells [54] . Furthermore, expression of Gpd2 has previously been studied in conjunction with the β-cell 'disallowed' gene Ldh [58] ; the ratio of Gpd2-to-Ldh was found to be two to three orders of magnitude greater in primary β-cells and INS-1 cells than in other islet cells [54] . Moreover, impairments in the glycerol phosphate shuttle have been observed in animal models of T2D [59, 60] and in T-lymphocytes from T2D patients [61] .
The glycerol phosphate shuttle is expressed in metabolically highly active tissues, such as brown fat and β-cells [54, 62, 63] . One reason for its limited expression is the energy loss resulting from the conversion of NADH to FADH 2 ; this energy is converted into heat [64] . The energy loss has been suggested to allow this shuttle to transfer electrons against an unfavourable electron gradient, i.e. this shuttle is functional even in situations with high mitochondrial NADH-levels. In contrast, activity in the malate-aspartate shuttle does not result in any loss of energy. In brown adipose tissue, a high rate of fuel oxidation is required to generate heat [64] . Likewise, in the β-cell, the glycerol phosphate shuttle allows a high glycolytic rate even in situations when the mitochondrial redox potential is very high; this would extend the range of glucose concentrations at which insulin can be concentration-dependently secreted. Reduced expression of this shuttle in the α-cell may therefore prevent hypersecretion of glucagon at hyperglycaemia.
Pyruvate and lactate have also been suggested to be important α-cell secretagogues [22, 65] . Levels of these metabolites increase in the blood during exercise [66] , when glucose is mobilized from liver. As these metabolites enter glycolysis downstream of glyceraldehyde-3-phosphate dehydrogenase they do not generate glycolytic NADH (or consume NAD + ) and therefore do not rely on mitochondrial shuttles. Hence, the lack of glycerol phosphate shuttle activity in the α-cell may divert nutrient sensing from glucose to substrates available in situations where secretion of glucagon is warranted. The finding that mitochondrial nutrients provoked a similar increase in ATP production in α-and β-cells, whereas glucose-provoked ATP production is much less efficient in the α-cell is in support of this [22] .
Notwithstanding the observed alterations in intermediates involved in mitochondrial shuttles, glutamate is also a suggested coupling factor in GSIS [13, 14, 67] , although this hypothesis has also been challenged [68] . In the present study, we observed reduced levels of glutamate parallelling reduced GSIS in the INS-1 832/13 cells. Notably, this occurred without effects on the main trigger of insulin secretion, i.e. ATP. In the αTC1-6 cells, a more dramatic reduction in glucagon secretion and glutamate levels was observed, but this coincided with abolished ATP production. In a previous study, suppression of glutamate production, using PhS and glutamate release [14] , using L-trans-pyrrolidine-2,4-dicarboxylate (tPDC), was found not to affect glucagon secretion from sorted α-cells [14] . However, in the same study, adrenaline (epinephrine), which also reduces glutamate release, as does tPDC, potentiates glucose-stimulated glucagon release. Expression of Pklr in the primary cells may suggest this effect to be due to activation of glycolysis; Pkm is unaffected by adrenaline. In contrast with our present results, exposure to 10 mM PhS for 30 min has previously been shown to inhibit insulin secretion from sorted primary β-cells, while lacking effects on glucagon secretion from sorted primary α-cells [14] . It should be borne in mind that cell-cell communication is disrupted when islet cells are dissociated [69] . This is not the case in the present study, where intact islets or confluent cell cultures were used. Furthermore, cellular function may also be influenced by the stress caused by the relatively rough treatment required for islet cell dissociation. In our experiments, not only hormone secretion, but also cellular metabolism, reacted similarly to addition of PhS in α-and β-cells respectively. Clearly, the role of glutamate as a coupling factor in α-cell stimulus-secretion coupling needs further investigation.
It must be noted that the detailed examination of metabolism in the α-and β-cells conducted in the present study was mainly performed in cell models. Clearly, expression of metabolic enzymes differ between the clonal cell lines and their primary counterparts [70] , as is evident from altered expression of Hk and Pk isoforms shown here. A disadvantage of using PhS is that chemical inhibitors rarely are perfectly selective, which would call for the use of gene-silencing techniques. PhS has also been suggested to inhibit the dicarboxylate carrier, which is involved in shuttling of malate and succinate across the mitochondrial membrane [71] . However, silencing of genes is also likely to cause compensatory effects in the metabolic network. Thus, silencing may be more useful in studies of chronic effects than to resolve acute effects related to stimulus-secretion coupling. In the present study, we show that PhS indeed affects levels of constituents of the malate-aspartate shuttle. Hence, independently of whether these changes are the result of altered shuttle activity or any other metabolic reaction, changes in levels of glutamate will affect the equilibrium of this shuttle, as has been suggested in heart muscle [72] . Importantly, in the presence of PhS, the INS-1 832/13 cells, which express the glycerol phosphate shuttle, are compensated for by increasing levels of glycerol 3-phosphate. Hence, our data could sufficiently be explained by PhS reducing malate-aspartate shuttle activity. The shuttle was recently reported to be essential for glucose-derived glutamate production, which is required for the potentiation of GSIS by the gut hormone GLP-1 (glucagonlike peptide 1) [15] . The hormone-induced cAMP generation was reported to favour glutamate uptake by insulin-containing secretory granules [15] .
To conclude, we found that the metabolic response to glucose stimulation was qualitatively similar but quantitatively different in α-cells (αTC1-6) and β-cells (INS-1 832/13). The tight coupling between glycolytic and TCA-cycle metabolism in the INS-1 832/13 cells [42] was not observed in the αTC1-6 cells. Metabolism of glucose was still essential for glucosestimulated glucagon secretion. Inhibition of the malate-aspartate shuttle abolished glucose-stimulated glucagon secretion, whereas GSIS appeared to be partially rescued by compensatory activity in the glycerol phosphate shuttle. Hence, our data suggest that the glycerol phosphate shuttle in the β-cell allows dosedependent metabolism of glucose and secretion of insulin at rising concentrations of glucose. A lower expression of this shuttle in the α-cell might prevent hypersecretion of glucagon at hyperglycaemia and divert α-cell nutrient sensing from glucose to lactate and pyruvate, metabolites which are increased during physical exercise.
